Gammaherpesviruses establish life-long persistency inside the host and cause various diseases during their persistent infection. However, the systemic interaction between the virus and host in vivo has not been studied in individual hosts continuously, although such information can be crucial to control the persistent infection of the gammaherpesviruses. 
Herpesviruses are large DNA genome viruses, which persist inside a host through the combination of a productively replicating lytic cycle and a dormantly latent cycle. The persistent infection of herpesvirus causes most herpesviral diseases, and thus understanding the mechanism of herpesviral persistence in vivo is critical for the control of herpesviral diseases. Among the subfamilies of herpesvirus, the gammaherpesviruses are important human pathogens because they cause a variety of diseases in humans, such as infectious mononucleosis, nasopharyngeal carcinoma, Burkitt's lymphoma, and Kaposi's sarcoma (30, 34) . However, studies of two known human gammaherpesviruses, Epstein-Barr virus (EBV) and Kaposi's sarcoma-associated herpesvirus (KSHV), have been limited mostly to in vitro investigation as a result of their restricted host range (30, 34) .
On the basis of its genomic and biological similarities to human gammaherpesviruses, murine gammaherpesvirus 68 (MHV-68, a gammaherpesvirus 68) has been used as a small animal model to study the in vivo host interaction of human gammaherpesviruses and to develop therapeutic or preventive strategies against gammaherpesvirus-associated diseases (12, 37) . During intranasal infection of inbred mice with MHV-68, MHV-68 establishes acute productive infection in the lung and subsequent latent infection in the spleen (37) . In response to poorly defined stimuli, MHV-68 may reactivate from latency and replenish the latent pool (50) . Like other gammaherpesviruses, latent infection of MHV-68 leads to splenomegaly and lymphoproliferative diseases in the host. Furthermore, it promotes the development of lymphomas in immune-deficient mice (44, 47) .
Studies of MHV-68 in mouse models typically rely on sacrifice of infected mice to determine the distribution and extent of viral replication (37) . Although these postmortem experimental methods have been useful for defining virus-host interactions that regulate the replication and pathogenesis of MHV-68 in vivo, these assay techniques preclude the continuous real-time monitoring of MHV-68 infection in the same animal. In addition, MHV-68 infection of unexpected anatomic sites, which might give significant insights into viral pathogenesis, may not be identified simply because the infected tissue is not sampled (16, 45) . Thus, the real-time whole-body monitoring of MHV-68 infection in living mice can provide new insights into virus-host interaction and viral pathogenesis.
Recently, a bioluminescence imaging technique has been developed to measure the activity of luciferase reporters in living mice noninvasively and repetitively (1, 7, 8, 53) . This technique has several benefits. First, it has little background and thus is a very sensitive method for detecting reporter activities (53) . Second, D-luciferin, the substrate for the firefly luciferase (FL) reporter, can easily cross cell membranes, including the intact blood-brain barrier after intraperitoneal administration into mice (4, 5) . Thus, the FL reporter can be detected in most anatomic sites, although the light coming from within is attenuated by overlying tissues of the mice (36) . Third, the concentration of D-luciferin used for bioluminescence imaging is too low to be toxic or immunogenic and thus allows serial imaging examinations in the same mouse (18, 28) . Finally, bioluminescence measured in vivo highly correlates with FL activity measured in vitro in the lysate of extracted tissues (53) . On the basis of these advantages, bioluminescence imaging in living mice has been successfully used to localize and measure FL reporter activities from tumor xenografts to microbial infection (6, 7, (24) (25) (26) .
In this study, we constructed a recombinant MHV-68 expressing FL by a viral M3 promoter (MHV-68/M3FL, henceforth referred to as M3FL) and used the bioluminescence imaging system to monitor the systemic infection of mice with MHV-68. Our data demonstrated that in vivo replication and reactivation of gammaherpesvirus are dynamically controlled by the locally defined interaction between the virus and the host immune system and that M3FL is an effective model for studying the in vivo interaction of gammaherpesvirus with its host.
MATERIALS AND METHODS

Cells and viruses.
All cells were propagated in Dulbecco's modified Eagle medium containing 10% fetal bovine serum and antibiotics. NIH 3T12 cells were mainly used to propagate the wild-type MHV-68 (WT) and its mutant derivatives for in vitro and in vivo study. Vero cells were used to determine the titers of infectious viruses.
To make specific mutations in MHV-68, a two-step allelic exchange method was performed using a bacterial artificial chromosome clone of MHV-68 (BAC MHV-68) as the target (39, 40) . The consequent mutation was confirmed by DNA sequencing, and the genomic integrity of mutated BAC MHV-68 was investigated by restriction enzyme digestion and Southern blot analysis as previously described (40) . Subsequently, mutant viruses were produced by transfecting the mutant BAC plasmid with Cre recombinase-expressing plasmid, which removes the BAC vector sequence, into NIH 3T12 cells using Lipofectamine Plus (Invitrogen).
For multistep growth curve analysis of viruses, the cells were infected at a multiplicity of infection (MOI) of 0.05 and harvested at 1, 24, 48, 72, and 96 h postinfection. The infected cells were frozen and thawed three times, and the titers of the infectious viruses in the whole-cell lysate were determined by plaque assay.
Mouse experiments. All animal handling was performed in accordance with the Animal Research Committee guidelines of the University of California, Los Angeles. Mice were purchased from Charles River Laboratories, Inc. (Wilmington, MA). All mice were infected after anesthesia, and the infected mice were sacrificed at 5 days postinfection (dpi) (5 ϫ 10 5 PFU/mouse) or 7 dpi (500 PFU/mouse) to measure the acute viral infection in the lung or at 14 dpi to measure the viral latent load in the spleen. Statistical analysis of the data was performed by Student's t test. The infectious viral titer in the lung and the reactivatable viral latency was measured by plaque assay and infectious center assay, respectively, as previously described (45) . T cells were purified from the thymus with the Pan T-cell isolation kit, which negatively selects T cells in a magnetic field, as instructed by the manufacturer (Miltenyi Biotec).
For in vivo reactivation of MHV-68, 50 mg of cyclosporine A (CspA)/kg of body weight or 0.3 mg of Velcade/kg of body weight were injected intraperitoneally into the infected mice on the days indicated on figures. For ex vivo reactivation and amplification of the latent MHV-68, single-cell suspensions were prepared from the infected organs and cocultivated with a monolayer of Vero cells in the presence of antibiotic cocktail (50 g/ml kanamycin, 34 g/ml chloramphenicol, and 100 g/ml ampicillin). When the cocultivated cells showed 80 to 90% cytopathic effect, the infected cells were harvested. Total DNA was harvested by lysing the infected cells with proteinase K and precipitating the DNA with ethanol as previously described (54) . Total DNA was subjected to restriction enzyme digestion overnight, electrophoresed on 0.8% agarose gels, and visualized after staining with ethidium bromide.
Quantification of viral genome and transcript. The total genomic DNA from the infected lungs or spleen tissue was prepared using the DNeasy kit (Qiagen) and then subjected to quantitative real-time PCR as previously described (40) . The total RNA from the infected spleen tissue was prepared using the RNeasy kit (Qiagen) and transcripts of ORF50 (immediate-early), ORF57 (early), ORF29 (late), and ORF73 (latent) genes were detected via PCR using the following sets of gene-specific primers, respectively: SH-50F (5Ј-GATTCCCCT TCAGCCGATAAG-3Ј) and SH-50R (5Ј-CAGACATTGTAGAAGTTCACCT-3Ј), ORF57SP-F1 (5Ј-ACCAAATGATGGAAGGACTAC-3Ј) and ORF57SP-R (5Ј-GCAGAGGAGAGTTGTGGAC-3Ј), ORF29R1 (5Ј-TTCTCATTGGCATC TTTGAGG-3Ј) and ORF29L4 (5Ј-GGAAAATGGGGTGATCCTGT-3Ј), and SH-73-5F (5Ј-GATGAGGGAAGTGTTGGTGATG-3Ј) and SH-73-3R (5Ј-CT CGTGAGTAGCGCCGACTAG-3Ј).
Bioluminescence optical imaging. Bioluminescence imaging of M3FL replication in mice was performed using the in vivo imaging system (IVIS; Xenogen Corp., Alameda, CA), which consists of a cooled charge-coupled-device (CCD) camera mounted on a light-tight specimen chamber, camera controller, and a computer system for data acquisition and analysis. Every other day postinfection with 5 ϫ 10 5 PFU of M3FL, mice were anesthetized with a mixture of xylazine and ketamine, and imaging was performed immediately after administration of D-luciferin by intraperitoneal injection (3 mg/mouse) from a 15-mg/ml stock solution in phosphate-buffered saline. For ex vivo imaging, mice were anesthetized and given D-luciferin by intraperitoneal injection. At ca. 10 min after injection of substrate, the mice were sacrificed and dissected to identify the signaling organ.
A grayscale surface image of each mouse was obtained first at 1.5-cm subject height focus, 20-cm field of view, 0.2-s exposure time, and 8 f-stop (aperture). Overlapping bioluminescence images were acquired at the same field of view, 60 s, 1 f-stop, and an open emission filter. Bioluminescence imaging was performed after rotating each mouse toward the CCD camera to detect signal on four sides (dorsal, ventral, and two lateral sides) until the luminescent signal reached its peak and waned. The pseudocolor scale bar of each image shows the relative photon flux for each image with different minimum and maximum values to visualize signals with different intensities in each image. All imaging experiments were performed at least two times, and the representative data are shown here.
Quantitation of luciferase activity. Relative intensities of in vivo bioluminescence were represented as an overlapping pseudocolor images from violet (least intense) to red (most intense). Grayscale photographs and corresponding color images were superimposed with LivingImage (Xenogen) and Igor (Wavemetrics, Lake Oswego, OR). A region of interest (ROI) was manually selected, and the intensity was expressed as photon flux (photons/s/cm 2 /steradian). For the reliable comparison of signal intensities, the maximum photon flux values were measured from each ROI and analyzed.
For in vitro correlation of FL activity with viral replication, NIH 3T12 cells were infected in duplicate with M3FL at multiple MOIs (1 to 0.000001). At 3 dpi, the infected cells were frozen and thawed three times, and the titers of the infectious viruses in the whole-cell lysate were determined by plaque assay. For the measurement of FL activity, the infected cells were lysed in 1ϫ passive lysis buffer (Promega), and the relative number of luciferase unit (RLU) and protein amount of each lysate were determined. For in vivo correlation of FL activity with viral replication, mice (n ϭ 12) were infected intranasally with 5 ϫ 10 5 PFU of M3FL, and the lungs of the infected mice were harvested at the peak time of acute replication. The titer of infectious virus was determined by plaque assay using the homogenized lung lysate in complete medium. For the measurement of luciferase activity, the infected lung tissues were homogenized in 1ϫ passive lysis buffer, and the number of RLU and protein amount of each lysate were determined.
RESULTS
Construction and growth kinetics of recombinant MHV-68 expressing firefly luciferase. Between the two distinct life cycles of herpesviruses, a productively replicating lytic cycle and a dormantly latent cycle, the herpesvirus is highly active during the lytic phase. In contrast, during the latent phase, there is little or limited gene expression of the herpesvirus. In this study, we focused on the virus-host interaction during the lytic cycle of herpesvirus. Therefore, to monitor the in vivo replication of MHV-68 noninvasively and repetitively in the same VOL. 82, 2008 HOST INTERACTION OF PERSISTENT GAMMAHERPESVIRUS 12499 mouse over time by using bioluminescence imaging, we constructed a recombinant MHV-68 by inserting a viral M3 promoter-driven firefly luciferase cassette between viral tRNA-1 and -2 (between genomic coordinates 746 and 747 of MHV-68 WUMS [GenBank no. U97553]) (M3FL) (Fig. 1A ) (27) . The M3 promoter is highly responsive to the MHV-68 lytic cycle regulator, regulator of transcription activation (RTA), and the robust expression of the M3 gene has been detected during lytic replication of MHV-68 both in vitro and in vivo (27) . We hypothesized that the luminescent signal from the M3 promoterdriven luciferase activity can represent the active in vivo lytic replication of MHV-68. The genomic integrity of the constructed M3FL was confirmed by restriction enzyme digestions in comparison to the WT (Fig. 1B) , and the expression of the firefly luciferase from M3FL was confirmed (Fig. 1C) . The multistep growth curve assay was performed to investigate the growth of M3FL and the parental wild-type MHV-68 during multiple rounds of replication in mouse fibroblast NIH 3T12 cell line at an MOI of 0.05. As shown in Fig. 1D , there was no significant difference between the in vitro growth of M3FL and that of WT. In addition, the viral titers of M3FL measured by a standard plaque assay are highly correlated with the activity of the expressed FL, demonstrating that the luminescent signal driven by the M3 promoter can reliably indicate the replication of M3FL (Fig. 1E and F) .
Next, the in vivo growth of M3FL and that of WT were compared after intranasal infection of BALB/c mice. At the peak time of acute infection in the lung (7 dpi), there was no significant difference in infectious viral titers and genome replication between M3FL and WT (Fig. 1G) . After virus in lytic replication was cleared from the lung, MHV-68 establishes latency in the spleen with a peak time at day 14 (15) . The viral latency and genome load in the spleen at 14 dpi was measured by an infectious center assay and real-time monitoring, respectively. In an infectious center assay, single-cell splenocytes were cocultivated with Vero cells that support viral lytic replication. During cocultivation, the latent virus in splenocytes reactivates to produce infectious viruses that subsequently infect Vero cells and generate plaques. The numbers of plaques (infectious centers) were counted to quantitate the reactivating viruses. For a control to show that there was no preformed infectious virus in the splenocytes, cells were killed prior to cocultivation by freeze-thawing, which does not affect the infectivity of preformed virions, and we found no plaques in the control (data not shown). The results of infectious center assays were presented in Fig. 1H , and there were ca. 10-fold-less reactivating viruses detected in M3FL-infected mice than in those infected with WT. A similar change in reduction was observed in the viral genome load. Taken together, the in vivo data indicate that the insertion of the M3FL expression cassette does not significantly affect viral productive infection in the lung but may reduce the establishment of viral latency (Fig. 1H) .
Distinct spatial and temporal progression of MHV-68 infection following different routes of inoculation. In vivo characterization of MHV-68 replication has been focused on performing standard virological assays for the lung and spleen, which are the two main sites of infection following intranasal or intraperitoneal inoculation of mice. Furthermore, the time to harvest tissues for assays depends upon routes and doses of inoculation, and very often tissues need to be taken at multiple time points to examine the kinetics of viral replication. The recombinant bioluminescent M3FL virus provides an alternative approach to study in vivo viral replication by tracking the light signals generated by the cells infected with M3FL within a living animal noninvasively and continuously. As shown in Fig. 2A , the luminescent signals were captured with a CCD camera and provided an indication of M3FL activity within BALB/c mice over a month following intranasal infection. The signals in the lung increased over a week and gradually cleared by D12 (12 dpi). In the spleen, the lights were first detected at D10 and lasted for a week with a peak time at D14. The kinetics of signals in the lung and spleen were consistent with what has been reported in the literature using standard virological assays (15) . However, there are two novel findings from examining these in vivo bioluminescence images. First, the imaging has revealed other sites of infection, in areas of the salivary gland and thymus. The infection in the salivary gland area started to be detected at D10 and continued until D18, while the signals in the thymus area could be seen only at D10. Additional sites, such as urogenital tract (D18), tail (D18), and peritoneal cavity (D30), were found to emit signals at later times after infection, indicating M3FL infection of these tissues. Second, the kinetics of viral replication varies among organs and tissues within a mouse. In other words, the luminescent signals peaked and cleared at different times depending upon which site of replication was examined. Furthermore, after initial clearance of all signals ( Fig. 2A, D24 ), M3FL activity reappeared in the peritoneum of the infected mice ( Fig. 2A, D30) .
After intraperitoneal inoculation of M3FL, the luminescent signals displayed a different pattern of distribution and progression (Fig. 2B) compared to that seen after intranasal infection. For the first week, the signals were primarily detected at the site of inoculation, the peritoneal cavity, including the liver and spleen as the target organs for viral replication. M3FL started to be cleared from the liver at D8 but remained active in the spleen until D14. Interestingly, similar to intranasal infection, the signals could also be found in the salivary gland and thymus areas (Fig. 2B, D8 to D14), as well as in the urogenital tract (Fig. 2B, D18) . Consistent with Fig. 2A , the luminescent signals could be detected again in the peritoneum at later times (D24 and D30) after being cleared at D18.
Although intranasal and intraperitoneal routes of inoculations are most commonly used for in vivo studies of MHV-68, oral administration has been previously reported (32) . Furthermore, one major transmission mode for herpesviruses is through an oral route. We therefore also examined the wholebody imaging of M3FL activity following the oral route of inoculation. The bioluminescence pattern after oral infection (Fig. 2C) is very similar to that of intranasal infection ( Fig.  2A) . However, infection by an oral route led to an earlier appearance of signals in the salivary gland area (Fig. 2C, D6) , which lasted for a much longer period of time up to D30.
Taken together, in all three routes of infection examined, M3FL replicated robustly within mice and ample luminescent signals were generated, allowing us to monitor the spatial and temporal progression of MHV-68 infection. The bioluminescence imaging clearly showed initial replication in the primary sites of infection, such as the nose and lung (intranasal), peritoneum (intraperitoneal), and salivary gland (oral), which depends upon the infection routes. Eventually, all the signals progressed to the spleen, a major reservoir of viral latency.
Novel sites of MHV-68 replication. One important finding from whole-body imaging of M3FL-infected live mice is the revelation of novel sites of viral replication other than lung and spleen. To confirm the sites of infection and to further identify other tissues or organs which were infected but may be difficult to detect by noninvasive imaging due to its limit of sensitivity, ex vivo imaging of the individual organs/tissues was performed after euthanizing the M3FL-infected mice. Consistent with the whole-body noninvasive imaging results, luminescent signals were detected in areas of the nose, salivary glands, lung, and spleen at different times postinfection (Fig. 3A) . In addition, the signal was consistently detected in area of the thymus and mesenteric lymph nodes (Fig. 3A) and occasionally in adrenal glands and the liver (unpublished data). Furthermore, even after the initial clearance of acute lytic replication (Fig. 3A , To further investigate MHV-68 replication in the newly identified sites, the tissues around the salivary glands and thymus were examined for viral replication in comparison with the lung and spleen. Among those organs, preformed infectious virus was detected only in the lung before viruses in the initial acute replication stage are cleared, suggesting that the detectable level of productive replication might be restricted to the lung. However, all four organs were found to harbor reactivatable latent viruses by an infectious center assay (Fig. 3B) . After the single-cell suspension from the infected organs was cocultivated with monolayer cells, the virus reactivated and underwent lytic replication. The total DNA harvested from the cocultures of newly identified organs was analyzed by restriction enzyme digestion, which displayed a similar pattern to the digestion of harvested DNA from the lung and spleen and parental MHV-68 DNA (Fig. 3C) , indicating that MHV-68 was the virus reactivating from those organs. Collectively, these data suggest that the luminescent signals from M3FL reliably indicate the site of MHV-68 infection and replication.
The development of T lymphocytes (T cells), which are the key components of the cell-mediated immune system, takes place in the thymus. T cells have been shown to control both acute infection in the lung and latent infection in the spleens of MHV-68-infected mice (19) . Interestingly, we found that the frequency of latent MHV-68 in the thymus was similar to that in the spleen (Fig. 3B) , although the total amount of latent virus in the thymus area is less than that in the spleen, taking into consideration the fact that there are fewer cells in the thymus. The major cell type in the thymus is developing immature thymocytes. However, there are other cell types that play crucial roles in T-cell maturation by positively and negatively selecting functional T cells. Thus, to further delineate the biological consequence of MHV-68 infection of the thymus, the cell type harboring latent MHV-68 was investigated. Single cells were prepared from the infected thymus and associated lymph nodes at 14 dpi and were sorted using a Pan T-cell isolation kit, which isolates T cells by depleting non-T-cells with antibodies. After cell isolation, latent MHV-68 and viral genome were detected only in the non-T-cell fraction ( Fig. 3B and unpublished data) (19) . These data suggest that MHV-68 infects non-T-cells in the thymus area. One limitation of our experiments is that we did not distinguish the lymph nodes that are attached to salivary glands and thymus. In subsequent experiments, we separated lymph nodes and found that the major signals are from the lymph nodes.
Persistent infection and spontaneous reactivation of MHV-68. After collection of the noninvasive bioluminescence imaging data and time of infection, the spatial and temporal progression of M3FL replication was quantitatively analyzed by comparing the maximum photon signals among the different regions of interest at multiple time points. Although the order of progression of M3FL replication was consistent among different mice after intranasal infection with 5 ϫ 10 5 PFU of M3FL (Fig. 4A) , averaging data from multiple mice would eliminate the distinctive kinetics of each organ (Fig. 4B) . Therefore, analysis was conducted separately on individual mice, and the representative data are shown in Fig. 4C , which indicates how MHV-68 replication progresses spatially and temporally in a single mouse after intranasal infection.
As demonstrated in Fig. 4C , M3FL infection progressed to different organs with different kinetics. While viruses that were replicating were cleared in one organ, the virus started replicating in another organ. This spatiotemporal progression and local clearance of M3FL infection vividly illustrates that virushost interaction is defined locally, not systemically. Moreover, several months after the initial clearance of acute infection, M3FL activity could be detected again in some organs ( Fig. 3A  and 4C ), suggesting that latent MHV-68 reactivates spontaneously and sporadically. Taken together, these data demonstrated the dynamics of MHV-68 infection among organs and tissues within mice, a consequence of interactions between the virus and host.
In vivo reactivation of MHV-68 from latency. During their life-long latency in the host, herpesviruses can reactivate to the productive lytic cycle. However, the reactivation process of herpesvirus in vivo is not clearly understood. Currently, the assays to investigate reactivations, such as infectious center assay, are heavily dependent on ex vivo reactivation of latent viruses from the infected cells. The frequency of reactivation in vitro is strongly influenced by culture conditions, and it is questionable whether the stimuli that induce ex vivo reactivation are the same as those for in vivo reactivation. As previously described, we were able to detect what appeared to be reactivation of M3FL after initial clearance (Fig. 3A and 4B) . Therefore, we examined whether we can utilize M3FL and the bioluminescence imaging to study induction of in vivo reactivation after the initial clearance of signals.
To reactivate latent M3FL in vivo, two approaches were taken. One was inducing the lytic replication using a drug which is known to induce the reactivation of human gammaherpesviruses in vitro (2, 3) , and the other was suppressing immune surveillance. Velcade (PS-341, bortezomib) is clinically approved by the FDA for the treatment of multiple myelomas and has been previously shown to reactivate KSHV and EBV from latently infected B-cell lines through inhibiting the NF-B activity (2, 3) . However, the in vivo inductive effect of Velcade on viral reactivation has not been examined, although clinical trials are ongoing at several institutions. Thus, we administered Velcade into the infected mice when there was no significant signal detected in the whole body to test whether it could induce in vivo reactivation of MHV-68. As shown in Fig.  5A , the luminescent signal appeared in the peritoneum upon treatment with Velcade, indicating M3FL reactivation to express the luciferase. Because latency and reactivation of MHV-68 are mainly controlled by the T-cell-mediated immune response, we reasoned that the inhibition of T-cell function might relieve host immune restrictions on the reactivation of MHV-68. Therefore, we also examined in vivo reactivation of M3FL by the treatment with an immunosuppressant, cyclosporine A, which inhibits T-cell activation (44, 52) . As shown in Fig.  5B , the signals appeared in the peritoneum 3 days after the second administration of CspA and waned 6 days after. Moreover, after the signal was resolved, the repeated CspA treatment made the luminescent signal appear again (Fig. 5B) , FIG. 5 . In vivo reactivation of MHV-68 from latency. When there was no significant bioluminescent signal in the whole body of infected mice, the mice were intraperitoneally treated with 0.3 mg of Velcade/kg (at ca. 150 dpi) (A) or 50 mg/kg of cyclosporine A (at ca. 90 dpi) (B) on the days indicated in red (D147, 147 dpi) and continuously monitored. (C) Total RNAs were extracted from the infected NIH 3T12 cells (3 dpi; MOI of 0.05) (lane 1), uninfected NIH 3T12 cells (lane 2), the spleen of the infected mouse (ca. 100 dpi) (lane 3), or the spleen of the infected mouse (ca. 100 dpi) after CspA treatment (50 mg/kg, twice) (lane 4). cDNAs were prepared, and the transcript levels of ORF50 (immediate-early), ORF57 (early), ORF29 (late), and ORF73 (latent) were detected by PCR. D, days postinfection.
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on November 12, 2017 by guest http://jvi.asm.org/ mimicking recurrent reactivation of herpesvirus in humans. To confirm that the signals were due to viral reactivation, we examined the expression of viral latent and lytic transcripts as well as the viral genomes in the spleen. The reverse transcription-PCR results clearly showed an increase of viral gene expression and viral DNA after CspA treatment (Fig. 5C, lane 4) , consistent with induced viral replication in the spleen. Collectively, by using the bioluminescence imaging with M3FL, we demonstrated that Velcade and CspA were able to induce in vivo reactivation. Moreover, it emphasizes the dynamic and fine balance between the host immune system and viral reactivation and replication. Notably, when we treated mice infected by different routes with CspA to reactivate M3FL, we found that the extent of the reactivation is strongest and the period of reactivation is the longest in mice infected intraperitoneally (Fig. 6A) . This result suggests that the latent reservoir established by intraperitoneal infection is greater and survives longer than that of the other routes of infection. To further investigate the sites of reactivation, we conducted ex vivo imaging on those CspA-treated mice. M3FL reactivation could be found in all mice infected by different routes, suggesting that a combination of in vivo and ex vivo data becomes more informative. Interestingly, the major site of reactivation depends upon the routes of infection and corresponds to the primary site of infection. In other words, after CspA treatment of mice infected for a long time (ca. 10 months), the strongest signals were detected in the lungs of intranasally infected mice, in the salivary glands of orally infected mice, and in the spleens of intraperitoneally infected mice (Fig. 6B) . Taken together, these results suggest that the initial phase of viral infection may determine either the preferential reservoir of long-term viral latency or the local host immune system controlling the reactivation of latent virus (23, 42, 50) .
DISCUSSION
MHV-68 has been used as an experimental model for studying the in vivo virus-host interaction of gammaherpesviruses, which exemplify persistent viral infection. In this study, a bioluminescence imaging system was introduced to monitor MHV-68 infection in the whole mouse. Imaging of a recombinant MHV-68 expressing firefly luciferase (M3FL) has enabled us not only to analyze the spatial and temporal progression of MHV-68 infection in the whole body of the host but also to investigate the fine balance between the virus and the host immune system, which controls the replication and reactivation of the virus.
M3 expression as the representation of lytic replication. In this study, we studied the virus-host interaction during the lytic cycle of gammaherpesvirus by using the promoter of M3 to control the expression of firefly luciferase. M3 is one of the most highly expressed lytic genes during the natural course of MHV-68 infection both in vitro and in vivo (20, 38, 41, 42, 51) . The kinetic class of M3 expression is early-late, which requires the products of immediate-early transcripts, but its maximal expression further necessitates viral DNA synthesis (27, 49) . Previously, the expression of M3 during latency was found at least 1 month postinfection (38) . This M3 expression is most likely to represent the lytic gene expressed in a small subset of reactivating cells, considering the high level of M3 expression during the lytic phase (27, 41) , which is consistent with our imaging data. The promoter, containing 600 bp of upstream sequence of the M3 TATA box, was previously shown to yield the highest level of luciferase activity in the presence of RTA (27) . This promoter region was used to construct M3FL.
Our data indicated that M3FL is attenuated in establishing latency in the spleen (Fig. 1H) . However, the luminescent signals from M3FL could be detected in multiple organs after a long period of time, supporting the idea that M3FL is able to establish long-term latency and to reactivate from latent reservoirs (Fig. 3A, 5, and 6 ). Although the locus where M3FL is inserted does not interrupt any coding region, we could not exclude the possibility that it may interfere with the expression of other viral genes, which results in the reduction of latency. Another possibility is that the reduction may be immune mediated. Firefly luciferase alone has been known to be nonimmunogenic (18) , but expression of the luciferase in the context of MHV-68 infection may elicit antiluciferase immunity, which targets and limits the amplification of latently infected cells at the peak time. It has been previously shown that failure of viral immune evasion has a significant impact on viral latency but not lytic replication.
Interestingly, although we consistently detected the luciferase activity driven by the M3 promoter from multiple organs and the viral lytic transcripts in those signaling organs, preformed lytic virus was rarely detected, except in the lung at the initial peak of acute infection. One possible explanation of this phenomenon is that, during in vivo lytic replication of MHV-68, there may be limited production of extracellular viruses, which is below the detection limit for our current plaque assays. This hypothesis is supported by the gp150-deficient MHV-68 mutant study, which emphasizes the importance of cell-to-cell virus spread as the major route of virus propagation in an infected host (10, 43) , and our plaque assays are not able to quantitate this mode of viral replication. Alternatively, host immune responses might prevent the viral replication from being completed and producing infectious viruses. Furthermore, there might be host immune restrictions on the ability of the extracellular viruses to produce plaques. For example, the infected host may generate neutralizing antibodies in the later stages of MHV-68 infection, which can impede the extracellular viruses in establishing de novo infection and thus producing plaques (17) .
Spatial and temporal progression of MHV-68 infection. Two inoculation routes are frequently used to study MHV-68 infection of mice. One is intranasal infection, in which viral inoculum in the form of small droplets is administered into the nostrils of a mouse. The other is intraperitoneal infection, in which viral inoculum is injected into the peritoneal cavity of a mouse. We also examined another possible route of inoculation, oral infection, by delivering viral inoculum through the oral cavity. Consistent with the previous studies, we observed that M3FL infection by all routes of inoculation reached and established infection in the spleen, a major reservoir of MHV-68 latency, after acute replication in the primary site of infection. All routes of infection showed persistent viral replication, local clearance, and sporadic reappearance of the bioluminescent signal. Moreover, using this new bioluminescence imaging system, we monitored the progression of MHV-68 infection within individual In this study, the intranasal infection was most intensively examined because it presents the viral interactions with mucosal immune responses. To further investigate the previously uncharacterized anatomic sites, both noninvasive whole-body imaging and ex vivo organ imaging were used after intranasal infection. In contrast to the traditional postmortem examination, which focused on the lung and spleen, bioluminescence imaging identified the replication and reactivation of MHV-68 in other locations, such as the nose, salivary glands, and thymus (Fig. 3A) . Infection of these organs with MHV-68 was verified by isolating the virus from the tissues and/or by detecting the viral genome in the tissues using PCR (Fig. 3 and unpublished  data) .
Among the newly identified organs where MHV-68 infection was consistently detected, the salivary glands are interesting. For other herpesviruses, including cytomegalovirus, human herpesvirus 6 and 7, EBV, and KSHV, a tropism for salivary gland tissue has been shown, and shedding of those viruses into saliva is common during their reactivation, which facilitates transmission (9, 11, 21, 22, 33) . Thus, the discovery of MHV-68 in salivary glands suggests that MHV-68 may be also transmitted through saliva, similar to the other ubiquitous human herpesviruses. Furthermore, this poses an intriguing possibility of using MHV-68-infected mice as an animal model for the study of salivary infection of human herpesviruses.
Dynamic interaction of MHV-68 and the host immune system. It was traditionally thought that the acute lytic replication of MHV-68 is systemically cleared from the infected host within 2 weeks postinfection. However, using our bioluminescence imaging system, we demonstrated that the lytic replication of MHV-68 peaked and cleared with different kinetics among organs and tissues. Moreover, the viral lytic replication was cleared at one point and reappeared in some other organs, suggesting the spontaneous and sporadic reactivation of MHV-68.
The progression of viral infection among organs and tissues greatly depends upon the routes of inoculation and mode of transmission among tissues. In other words, the signals appear first at the sites close to where the virus is inoculated. And when the virus replicates, the host immune responses are elicited and recruited to the sites of infection to clear the virus. After infection at the primary sites, the virus spreads to secondary sites. We do not know exactly how the virus spreads. Based upon no detectable viremia during infection, migration of infected cells is believed to be the way for the virus to disseminate. Therefore, the virus is continuously on the move in association with specific types of cells. The infection at any given site is controlled by permissiveness of the infected cells and the host immunity induced at the site. The abilities of herpesvirus to establish latency and to evade the immune responses further complicate the dynamics of this competition. Consequently, viral infection within mice is a dynamic process, varying among organs and tissues as well as times after infection. Our data did not directly reveal the underlying mechanism but suggest that a different approach is required to study this complex issue.
We further demonstrated that the bioluminescence imaging of M3FL can be utilized to study the induction of viral reactivation in vivo. Previously we have shown that NF-B inhibits the initiation of MHV-68 lytic replication and blocking the NF-B activity by Velcade reactivates KSHV and EBV (2, 3) . Indeed, M3FL reactivation could be induced by Velcade to a level beyond the control of the host immune system and detected by imaging. While using CspA, we were able to suppress the host immune surveillance and allowed the reactivating virus to replicate and generate sufficient signals to be detected. Although we cannot completely exclude the possible effect of Velcade on the immune system and that of CspA on the lytic replication of gammaherpesvirus (29, 31, 48) , the results clearly indicate that the reactivation of the latent virus is controlled by a delicate balance between the ability of the virus to replicate and the ability of the host to restrict reactivation. Importantly, we also found that the preferential site of reactivation depends upon the route of infection. The biggest latent reservoirs for reactivation depend upon the route of infection. This result has significant implications for in vivo study, since very often, the spleen is the only organ harvested from long-term infected mice for analysis.
In conclusion, our data highlight the use of bioluminescence imaging for real-time monitoring of the interaction between persistent gammaherpesvirus and the host immune system. By enabling serial studies of the gammaherpesvirus infection in the same host over time, this noninvasive imaging illustrates the dynamic virus-host interaction which controls the replication and reactivation of gammaherpesvirus in vivo. This imaging system can facilitate the development of drugs for controlling gammaherpesviruses in vivo by enabling real-time monitoring of the systemic infection after drug treatment. Furthermore, the roles of host and virus genes in in vivo gammaherpesvirus replication can be efficiently investigated either by infecting the virus in mice with different genetic backgrounds or by investigating a mutant virus in a healthy host.
